Since their discovery in the 1980s, it has gradually become apparent that there are several functional classes of naturally occurring ribozymes. These include ribozymes that mediate RNA splicing (the Group I and Group II introns, and possibly the RNA components of the spliceosome), RNA processing ribozymes (RNase P, which cleaves precursor tRNAs and other structural RNA precursors), the peptidyl transferase center of the ribosome, and small, self-cleaving genomic ribozymes (including the hammerhead, hairpin, HDV and VS ribozymes). The most recently discovered functional class of ribozymes include those that are embedded in the untranslated regions of mature mRNAs that regulate the gene's translational expression. These include the prokaryotic glmS ribozyme, a bacterial riboswitch, and a variant of the hammerhead ribozyme, which has been found embedded in mammalian mRNAs. With the discovery of a mammalian riboswitch ribozyme, the question of how an embedded hammerhead ribozyme's switching mechanism works becomes a compelling question. Recent structural results suggest several possibilities.
Background and context

Discovery of ribozymes
RNA catalytic activity in the absence of proteins was first observed in the context of Group I intron self-splicing [1] , and the first example of a true RNA enzyme (or ribozyme) that exhibits multiple turnover was the RNA subunit of RNase P, which hydrolyzes the 5′-end of precursor tRNAs [2] . Subsequently, a number of smaller and chemically similar self-cleaving genomic RNAs were discovered [3] [4] [5] . The structures of the prokaryotic ribosome [6] [7] [8] [9] [10] [11] confirmed an earlier suggestion that the peptidyl transferase center was comprised entirely of RNA [12] ; no ribosomal protein approaches closer than 18 Å to the active site. Subsequent to the discovery of bacterial riboswitches [13] , a prokaryotic ribozyme riboswitch has been identified in the form of a new ribozyme (glmS) [14] , and a familiar ribozyme (the genomic hammerhead ribozyme that mediates rolling-circle replication in RNA virus-like genomes) has been identified, as a discontinuous sequence, embedded in mammalian mRNAs [15] , a realm wherein riboswitches have not yet been identified.
Chemistry of ribozyme catalysis
With the exception of the peptidyl transferase, all of the naturally occurring ribozymes employ simple variations of acid/base catalyzed phosphodiester chemistry, and all but the hydrolytic RNase P catalyze a phosphodiester isomerization reaction that breaks or joins the RNA backbone [16] . Each ribozyme, however, has a completely unique sequence, tertiary structure, and detailed catalytic strategy, sharing in common only the general principles of acid/base catalysis [17] . Several of the small, self-cleaving genomic RNAs catalyze a chemically identical site-specific self-cleavage reaction in which the 2′-oxygen attacks an adjacent phosphate, producing products with 5′-OH and 2′,3′-cyclic phosphate termini; the reaction is the same as the first step catalyzed by RNase A (Fig. 1) . As with RNase A, most of these ribozymes (the exception is the HDV ribozyme) do not require the presence of a divalent metal ion for catalysis [18] . The glmS riboswitch ribozyme also catalyzes the same self-cleavage reaction.
Comparison to a protein enzyme: RNase A
RNase A provides a convenient and familiar reference point with respect to protein mechanistic enzymology for understanding ribozyme acid/base catalysis [19, 20] . Two invariant histidines in the active site of RNase A function as a general base and a general acid. In the first step of the RNase A cleavage reaction, an unprotonated histidine (His 12) abstracts a proton from the 2′-OH of the substrate RNA at the cleavage site, thus generating the nucleophile that attacks the adjacent phosphate, and a protonated histidine (His 119) donates a proton to the 5′-oxygen leaving group, which begins to accumulate an unstable negative charge as its bond to the scissile phosphorus atom breaks. A bond between the 2′-oxygen, the attacking Contents lists available at ScienceDirect
Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / b b a g r m nucleophile, and the phosphorus forms at the same time the scissile bond breaks, as the reaction passes through a pentacoordinated oxyphosphorane transition state in which the attacking nucleophile and leaving group oxygen occupy the two opposite, axial positions. The products are two strands of RNA; one with a 5′-OH terminus and the other with a 2′,3′-cyclic phosphodiester (The second step of the RNase A reaction involves hydrolysis of the cyclic phosphate). Each of the small self-cleaving ribozymes employs a unique catalytic strategy to perform acid/base catalysis, but the chemical mechanism of the cleavage reaction is the same as the fist step of the RNase A reaction, and the pentacoordinated transition-state structure appears to be essentially the same. Obviously, ribozymes lack histidines in their active sites, but various RNA functional groups appear to play analogous roles as general acids and bases [21] .
In the case of the hairpin ribozyme, a deprotonated guanosine appears to be the general base that plays the analogous role to the deprotonated histidine in RNase A, and a (protonated) adenosine appears to be the general acid [22] . In the case of the hammerhead ribozyme, a deprotonated guanosine also appears to be the general base, but instead of adenosine, the 2′-OH of a conserved nucleotide appears to function as a general acid ( Fig. 1 ) [23] . In the case of the glmS ribozyme, guanosine again appears to be the base, whereas the acid catalyst is not the RNA itself, but rather the sugar, GlcN6P, the small molecule riboswitch effector, that binds specifically to the active site of the ribozyme and activates it [24, 25] .
The biological context of genomic RNA catalysis
The hammerhead ribozyme was the first of several catalytic RNAs to be discovered in the context of satellite RNA virus and virus-like genomes [3] . With the exception of the human hepatitis C virus, these were all discovered in plants [26] . The hammerhead ribozyme was first found in the sense strand of the satellite RNA of tobacco ringspot virus, which was known to replicate via a rolling-circle pathway. Arguably the simplest nucleic acid replicative strategy, the singlestranded, covalently closed circular satellite RNA serves as a substrate for a host RNA polymerase. As the polymerase circumnavigates the satellite RNA template for multiple processive cycles, it produces a linear concatomeric complementary copy of the circular RNA. The concatomer must be cleaved into monomeric fragments and then the ends of the monomers must ligate to form circular templates for the second half of replication [27] .
The hammerhead ribozyme catalyzes the cleavage (and possibly ligation) reactions for the sense-strand RNA, and the subsequently identified hairpin ribozyme catalyzes cleavage and ligation of the complementary template. In addition to plant RNA viruses, active hammerhead sequences are occasionally found in satellite RNA transcripts of highly repetitive DNA sequences in organisms such as Schistosoma; the function of these satellite RNAs is unknown [28, 29] .
Because rolling-circle replication of genomic RNAs requires both an RNA cleavage and an RNA ligation event, it is quite understandable why a phosphodiester isomerization reaction might be preferred, in natural selection, over an RNA hydrolysis reaction. Formation of the 2′,3′-cyclic phosphate preserves the initial state of the scissile phosphate as a phosphodiester, and thus permits it to function as a substrate in a subsequent ligation reaction without the requirement for a high-energy cofactor such as ATP. Simple RNA hydrolysis would be unable to do that. It is therefore not particularly surprising that all of the various genomic ribozymes (including the hairpin, hammerhead, HDV and VS ribozymes) catalyze the same chemical reaction. The mechanisms of the switch between nuclease and ligase activities for the genomic ribozymes remains completely elusive, although structural analyses of the hammerhead ribozyme, described below, are beginning to offer some insights.
The hammerhead ribozyme
The structural basis for hammerhead ribozyme catalysis
Three-dimensional structures now exist for the hairpin, HDV and hammerhead ribozymes, each in both pre-cleavage and post-cleavage states [21, 22, [30] [31] [32] [33] . Each of these ribozymes possesses a unique sequence and tertiary structure as well as a unique catalytic strategy for accelerating the same reaction; the one common theme is that all appear to use a form of acid/base catalysis as their primary mode of rate enhancement. For purposes of continuity, we will focus here on the hammerhead ribozyme.
Hammerhead RNA self-cleavage motifs consist of three A-form helices (called Stems I, II and III) flanking a junction comprised of 15 invariant or mostly conserved nucleotides that form the catalytic core ( Fig. 2a) [34] . Two of the three helices (typically Stem II and Stem I) are capped by connecting loops, giving this self-cleaving RNA sequence a canonical secondary structure that resembles the shape of a hammer head. The natural full-length hammerhead ribozyme sequence typically contains an additional tertiary contact between Stems I and II, distant from the cleavage site (Fig. 2b) , that greatly enhances the rate of catalysis by stabilizing formation of the active conformation of the cleavage site ( Fig. 2c and d) [23, 35, 36] .
The crystal structure of the full-length hammerhead ribozyme sequence derived from Schistosoma mansoni (Smα) was obtained in 2006 (2GOZ) [23] . Unlike previous structures of minimal hammerhead ribozyme sequences that lacked the distal tertiary contact, this structure reveals the active conformation of the cleavage site. Fig. 1 . Proposed mechanism for acid/base catalysis in the hammerhead ribozyme self-cleavage reaction. The enzyme-substrate complex is depicted schematically on the left, the putative transition-state structure in the center, and the enzyme-product complex is on the right. Specifically, the invariant nucleotide G12 is positioned with respect to the cleavage site in a manner consistent with its proposed role in general base catalysis in the hammerhead cleavage reaction, and the 2′-OH of the invariant G8 is positioned in a manner consistent with a role in acid catalysis, i.e., protonation of the 5′-oxygen leaving group. The cleavage-site nucleotide and the adjacent phosphate are both positioned in a manner consistent with the known in-line attack chemical mechanism, and many other biochemically inferred characteristics are readily explained from the structure. The details of the active site are shown in Fig. 2c . An additional pair of crystal structures of a hammerhead ribozyme sequence found embedded in the original satellite RNA of tobacco ringspot virus (sTRSV) has more recently been solved (2QUS,2QUW) [33] . These structures reveal pre-catalytic and post-catalytic complexes of a distinctly different class of hammerhead ribozymes.
Two classes of hammerhead ribozymes
Two classes of tertiary contacts exist in natural hammerhead ribozymes (Fig. 3) . These two types of tertiary contacts appear to share very few sequence similarities. One of these classes corresponds to the sTRSV hammerhead, and the other corresponds to the Smα hammerhead. Apart from differences in the tertiary contact region itself, a necessary consequence of the very dissimilar sequences, the RNA backbone folds and the three-dimensional structures of the catalytic core regions of the two classes of hammerhead ribozymes are remarkably similar. The sTRSV hammerhead and the Smα hammerhead tertiary contacts induce what are essentially identical conformational changes in the ribozyme's catalytic core, despite the fact that the sequences and structures of the two tertiary contact regions are radically different from one another.
In both classes of hammerhead tertiary contacts, an apparently conserved Hoogsteen base pair forms between an A in Stem-Loop II and a U in the non-helical region of Stem I. The A in the Hoogsteen pair corresponds to position 46 in the sTRSV hammerhead and L6 in the Smα hammerhead, and the U corresponds to position 19 in the sTRSV hammerhead and B5 in the Smα hammerhead. Of the 13 natural hammerhead sequences considered in previous pre-structure modeling studies [36] , all possess this final A in the GNRA tetraloop capping Stem II, and 10 possess this U adjacent to residue 1.6, suggesting the AU Hoogsteen pair is conserved due to its functional relevance, despite the fact that it evaded identification before now (the remaining three sequences have C instead of U, which can form an analogous Hoogsteen pair if the C is protonated).
Riboymes and gene regulation
Ribozymes embedded in mRNAs
It is now well-known that structured RNAs embedded in untranslated regions (UTRs) of mRNAs can regulate gene expression. Riboswitches have fairly recently been identified as a new class of bacterial gene regulatory elements [13] , and the list of these metabolite-binding motifs that typically reside within the 5′-untranslated regions (UTRs) continues to expand. One of these, the glmS riboswitch, is a ribozyme [14] , as described in the introductory comments. Upon binding of the metabolite GlcN6P, gene expression is terminated concomitantly with cleavage of the mRNA. As noted in the description of ribozyme acid/base catalysis, GlcN6P is a small molecule ribozyme cofactor that plays the role of the general acid in the mRNA cleavage reaction [24, 25] .
Riboswitches are thought to be limited to prokaryotic organisms, and the glmS ribozyme was the only example of a known ribozyme that resides embedded within a mature, functional mRNA [37, 38] . Group II introns obviously play important regulatory roles in the splicing reactions of several eukaryotic pre-mRNAs [39] , but as ribozymes they do not appear to regulate the translational expression of the mature, processed mRNAs from which they have been excised in any obvious way.
It was therefore a rather unexpected discovery to find that hammerhead ribozymes, in some cases, are involved in regulating gene expression in mammals by inducing cleavage within the 3′-UTR region of the mRNA. Highly active hammerhead ribozymes were discovered embedded within the 3′ UTRs of mammalian C-type lectin type II (CLEC2) genes [15] . Hammerhead ribozyme sequences whose invariant regions occur as two fragments (schematically indicated in yellow for substrate and blue for enzyme sequences in Fig. 4a and b) were observed to be separated by hundreds of nucleotides. A fragment pair assembles to form an active hammerhead ribozyme structure between the translation termination and polyadenylation signals within the 3′ UTR. The conserved nucleotides in these hammerhead sequences (shown in red in Fig. 4c ) map into the invariant regions of the full-length hammerhead structure. The embedded hammerhead RNA has been shown to self-cleave both in vitro and in vivo, and it is able to reduce protein expression in mouse cells. These results permit us to suggest that a previously unrecognized mechanism of post-transcriptional gene regulation involving association of discontinuous ribozyme sequences within an mRNA may be regulating the expression of several CLEC2 proteins that function in bone remodeling and the immune response of several mammals dating back to platypus. This may constitute but one specific example of a far more general regulatory phenomenon.
A hammerhead ribozyme eukaryotic riboswitch?
Cleavage within the 3′-UTR will remove the polyA tail from a mRNA and will thus interfere with nuclear export as well as the circularization of the message that is believed to be critical to efficient, processive translation. However, if the embedded hammerhead ribozyme always cleaves, the clec2 genes can never be expressed. Hence it seems likely that there exists one or more mechanisms by which the embedded hammerhead is activated or deactivated, in analogy to the nuclease/ligase switch that a genomic hammerhead ribozyme must undergo. In addition, the specific effector for the putative hammerhead riboswitch remains to be identified.
Regulation of catalysis
How does the hammerhead ribozyme switch from a nuclease into a ligase?
For the genomic hammerhead self-cleavage motif to function in rolling-circle replication, it must be capable of both cleavage and ligation. A switching mechanism must therefore exist that transforms the hammerhead from a nuclease into a ligase. A nuclease-ligase switch may also be involved in controlling gene expression in the case of the 3′-UTR hammerhead. Therefore, by understanding the structural bases of the nuclease/ligase switch, we may gain insight into how the mRNA-embedded hammerhead regulates gene expression. 
The internal equilibrium of the hammerhead ribozyme
The hammerhead ribozyme internal equilibrium is defined [40] as the ratio of the concentrations of enzyme-product complex [EP] to enzyme-substrate complex [ES], i.e.,
An efficient nuclease will have a very large K int , whereas an efficient ligase will have a K int approaching zero. The first hints that the relative disposition of Stems I and II might effect the internal equilibrium of the hammerhead ribozyme appeared from crosslinking experiments involving the minimal hammerhead sequence that lacked the then unappreciated tertiary contact region [41, 42] . Chemical crosslinking experiments in the minimal hammerhead ribozyme between Stems I and II, which were designed originally to test between various proposed structures of the minimal hammerhead, yielded an unexpected result. Tethering and constraining the relative motion of these two helices can shift the internal equilibrium of the hammerhead ribozyme away from cleavage and toward ligation. A series of crystal structures of a tethered minimal hammerhead also revealed a possible structural basis for the shift in equilibrium. Compared to unrestrained hammerhead crystal structures, the tethered hammerhead that favored ligation revealed a change in helical twist in Stem I relative to the remainder of the ribozyme molecule. Untethered minimal hammerheads typically have an internal equilibrium constant that greatly favors cleavage product formation.
Full-length hammerhead ribozymes have a tertiary contact between Stem loops I and II that, in some cases, appears to impart an effect somewhat similar to tethering and constraining these helices in the minimal hammerhead. Although the internal equilibrium in a hammerhead ribozyme derived from the satellite RNA of tobacco ringspot virus (sTRSV) appears to strongly favor product formation [43] , the internal equilibrium of the Schistosomal (Smα) hammerhead has a K int ∼3/1; i.e., it has significant ligase activity [44] . A comparison between the Smα hammerhead structure and the sTRSV hammerhead structures reveals a change in Stem I helical twist in otherwise very similar tertiary structures. This change is rather similar to what had been observed in the case of the tethered hammerhead, permitting us to hypothesize that differences in the two types of tertiary contacts in these full-length hammerheads will give rise to different internal equilibrium constants via conformational changes propagated through the Stem I helix. Fig. 5 depicts this comparison (the Smα hammerhead, which favors ligation more than the others, is shown in magenta). Despite two very different crystal packing environments of the two crystallographically independent molecules in the sTRSV ribozyme crystals, the conformations of both sTRSV hammerhead Stem I helices are nearly identical, whereas the difference between the sTRSV and the Smα hammerhead is much more pronounced. This observation permits us to suggest the differences cannot be explained away as crystal packing artifacts; the two crystallographically independent sTRSV hammerheads serve as a positive control.
A proposed switching mechanism
Comparison of the limited sequence and structural conservation within the tertiary contact region of both full-length hammerhead classes reveals how two conformational switches activate the hammerhead ribozyme for catalysis and regulate the nuclease-ligase internal equilibrium that is critical within the rolling circle replicative cycle of RNA viroids and satellite virus RNAs.
The crystallographic comparison of the two hammerhead classes, together with these internal equilibrium experiments, permit us to suggest that the detailed structure of the tertiary contact region modulates the internal equilibrium of the hammerhead ribozyme, thus functioning as one of at least two molecular switches that regulates hammerhead ribozyme catalytic activity. A second switch, which serves to activate the ribozyme, includes the previously described formation of a Watson-Crick tertiary base pair between the invariant C3 and G8 residues in the hammerhead's catalytic core.
Conformational switching within the hammerhead tertiary contact
Although the involvement of conserved GNRA tetraloops in docking interactions is frequently observed in a variety of RNA structures [45] [46] [47] , it is particularly noteworthy that the tertiary contact observed in the sTRSV hammerhead structure can only form if the tetraloop rearranges from its canonical and energetically favored conformation (Fig. 6a) to expose the Hoogsteen face of the final A to its hydrogen-bonding partner in Stem I (Fig. 6b) . This immediately suggests that a thermodynamic competition must exist between an isolated GNRA tetraloop capping Stem II that adopts the canonical conformation (Fig. 6a) , as seen in the original hammerhead structure [46, 48] , and one that interacts with Stem I, where the conserved U can only form a Hoogsteen pair when the GNRA tetraloop adopts the observed non-canonical conformation (Fig. 6b) . This observation contrasts with tetraloop-receptor interactions observed in other RNA structures, such as RNase P, the Group I intron and the ribosome, wherein the tetraloop typically retains the canonical conformation. In the case of natural hammerhead RNAs, the interface formed between the tetraloop and its target sequence on Stem I may be rather more dynamic. In addition, the target sequence on Stem I may also be dynamic. In many of the natural sequences, the conserved U in Stem I that forms a Hoogsteen pair with the A in Stem II also has the option of forming a canonical AU or wobble GU pair that would simply extend Stem I at the expense of forming the tertiary contact. Hence both the tetraloop and its target sequence likely exist in multiple conformational states. Tetraloop conformational dynamics have in fact been implicated previously in the cleavage-ligation switching mechanism of potato spindle tuber viroid, a species whose cleavage and ligation reactions are protein-dependent [49] .
Conformational switching in the hammerhead catalytic core
A second conformational switch takes place, within the hammerhead ribozyme's active site, whose arrangement in the full-length hammerhead differs radically from that of the minimal hammerhead. In the absence of the stabilizing tertiary contact between Stems I and II, the minimal hammerhead crystal structure likely represents the dominant species, and transient, low-occupancy fluctuations rearrange the active site for catalysis. This rearrangement, stabilized by the tertiary contact in the full-length ribozyme, appears as a consequence of the invariant G8 rotating from a position (Fig. 6c) in which it forms a sheared base-pair with A13 of Stem II in the minimal hammerhead structure to a position in which it forms a Watson-Crick base-pair with the invariant C3 of Stem I (Fig. 6d) in the catalytically competent full-length structure. This conformational change is in turn responsible for positioning the cleavage-site nucleotide for in-line attack, and positions G12 to function as the general base in catalysis.
Conformational switching, internal equilibria, and catalysis
Conformational switches in both the tertiary contact region and the active site thus appear to act cooperatively to stabilize the hammerhead ribozyme in the active conformation. Loss of the tertiary contact switch results in a ribozyme that is approximately 1000-fold less catalytically active.
Although the tertiary interaction between Stems I and II in the fulllength hammerhead greatly accelerates both the cleavage and ligation reaction rates, the ligation rate is accelerated much more. The internal Fig. 5 . A comparison between our the Smα1 hammerhead structure and the sTRSV hammerhead structure reveals a change in Stem I helical twist in otherwise very similar tertiary structures. The Smα1 hammerhead, which favors ligation more than the others, is shown in magenta. The shift of K int toward ligation appears to correspond to anticlockwise twisting of Stem I relative to the rest of the ribozyme. equilibrium of the Smα hammerhead is such that 1/3 of the substrate is ligated, whereas most is cleaved in constructs derived from sTRSV hammerhead. At least two sets of observed differences between the two classes of hammerheads suggest what may be responsible. Since formation of the tertiary contact modulates the internal equilibrium of the hammerhead reaction, a simple nuclease-ligase switching mechanism would result as a consequence of the observed dual conformational states of the tetraloop on Stem II and its complementary target structure in Stem I in the sTRSV RNA, whereas there are no obvious alternate conformations corresponding to the tertiary contact region within the Smα ribozyme. In addition, the internal equilibrium between cleavage and ligation of bound substrate may also be finetuned by the orientation of Stem I relative to Stem II. Previously, it has been observed that crosslinking Stems I and II in a minimal hammerhead construct can differentially alter the internal equilibrium of the hammerhead as a function of relative helix orientation. Superposition of the sequences shared between the Smα hammerhead and the sTRSV hammerhead (Fig. 5) in fact reveals the sTRSV hammerhead Stem I to be significantly more tightly wound than that of the Smα hammerhead, with the sTRSV substrate strand more tightly kinked at the cleavage site. Hence it is likely that the observed differences between the sTRSV and Smα hammerhead Stem I orientations correlate with the observed differences in internal equilibria. Noteably, the cleaved and uncleaved forms of the sTRSV are far more similar to each other (Fig. 5) than either is to the Smα hammerhead, a hammerhead that, as noted, tends to favor ligation more than the sTRSV. The structural details of two molecular switch sites now have been identified in the hammerhead ribozyme structure. The tertiary contact between Stems I and II, which permits formation of a newly identified conserved AU Hoogsteen base pair, activates the ribozyme approximately 1000-fold when it is formed by the interaction of two dynamic loops that can exist in multiple conformational states. This switch in turn induces formation of a second, previously identified, tertiary contact between G8 and C3 in the catalytic core that locks the highly dynamic active site structure into a catalytically competent conformation. Together, these switches can activate or deactivate hammerhead ribozyme catalysis. Activation of catalysis in this way has a concomitant effect of accelerating the ligation reaction rate to a greater extent than the cleavage rate.
However, the Stem I-Stem II tertiary contact switch ( Fig. 6a and b ) is not simply binary (i.e., it is not simply based on a dissociation equilibrium), but rather it appears also to further modulate the internal equilibrium of the hammerhead ribozyme as a molecular rheostat. Specifically, the tertiary contact region that surrounds the AU Hoogsteen base pair between the enzyme and substrate differs in the two classes of hammerhead RNAs, and this contextual variance results in a changeable helical pitch of Stem I between the cleavage site and the tertiary contact (Fig. 5) . Stem I in the sTRSV hammerhead is more tightly wound than it is in the Smα hammerhead, suggesting that Stem I helical unwinding shifts the hammerhead internal equilibrium toward ligation. Whether Stem I helical winding and unwinding can occur within a specific hammerhead sequence is still unclear, but the propensity for internal equilibrium adjustment via changes within the structural context of the tertiary contact region is clear.
